), respectively (2) (3) (4) . The level of FADS2 catalytic activity determines the rate at which LA and ALA are converted as well as the volume and type of products produced. For example, whereas the body generally converts ALA to EPA (20:5 5,8,11,14,17 ) and EPA to DHA (22:5 4,7,10,13,16,19 ) at a low rate (5) (6) (7) (8) , a high level of endogenous FADS2 catalytic activity promotes the production of long-chain PUFAs, such as arachidonic acid (AA, 20:4 5, 8, 11, 14 ), and EPA from LA and ALA, respectively. This is evident from the fact that various organisms harbor FASD2s with high or low catalytic activity for LA and ALA as a result of differences in their FASD2 gene and/or amino acid sequences.
Presumably, these differences mainly occur within the FADS2 substrate-binding and/or catalytic domain(s) that determine its substrate specificity and catalytic activity, respectively. Specifically, a substrate can only be catalyzed by the FADS2 catalytic domain(s) after having been bound by the FADS2 binding domain(s). A previous study by our research group analyzed the molecular mechanisms underlying FADS2 substrate specificity and confirmed the FADS2 substrate-binding domains (9) . Notably, the catalytic activity of the generated chimera FADS2s was much lower than that exhibited by the analyzed wild-type FADS2s, likely due to incurred disruptions of the three-dimensional structures of their catalytic domains. Thus, the present study further investigated the molecular mechanisms mediating FADS2 catalytic activity in Thalassiosira pseudonana and Glossomastix chrysoplasta.
A comparison of the FADS2 catalytic efficiency for ALA in various species (supplemental Table S1 ) revealed that the marine microalgae, T. pseudonana, which exhibits a strong capacity for EPA and DHA production, exhibits high Abstract Delta 6 desaturase (FADS2) is a critical bifunctional enzyme required for PUFA biosynthesis. In some organisms, FADS2s have high substrate specificity, whereas in others, they have high catalytic activity. Previously, we analyzed the molecular mechanisms underlying high FADS2 substrate specificity; in this study, we assessed those underlying the high catalytic activity of FADS2s from Glossomastix chrysoplasta and Thalassiosira pseudonana. To understand the structural basis of this catalytic activity, GcFADS2 and TpFADS2 sequences were divided into nine sections, and a domain-swapping approach was applied to examine the role of each section in facilitating the catalytic activity of the overall protein. The results revealed two regions essential to this process: one that extends from the end of the fourth to the beginning of the fifth cytoplasmic transmembrane domain, and another that includes the C-terminal region that occurs after the sixth cytoplasmic transmembrane domain. Based on the domain-swapping analyses, the amino acid residues at ten sites were identified to differ between the GcFADS2 and TpFADS2 sequences, and therefore further analyzed by sitedirected mutagenesis. T302V, S322A, Y375F, and M384S/ M385 substitutions in TpFADS2 significantly affected FADS2 catalytic efficiency. This study offers a solid basis for indepth understanding of catalytic efficiency of FADS2. - ) are essential for human health but cannot be synthesized by the body, and therefore must be obtained from dietary sources (1) . Delta 6 fatty acid desaturase (FADS2) is a critical enzyme in the fatty acid biosynthesis pathway that controls the conversion of LA and ALA to FADS2 (TpFADS2) catalytic efficiency for both LA and ALA compared with other plants and fungi. Specifically, its conversion efficiency is 68% for LA in the -6 pool, and 80% for ALA in the -3 pool; however, this high catalytic efficiency is associated with low specificity (supplemental Table S1 ) for both substrates. In contrast, the stramenopile marine microalga, G. chrysoplasta, also produces a high level (46%) of EPA but exhibits a FADS2 (GcFADS2) with a limited ability to convert LA to GLA, and ALA and SDA, only achieving a conversion efficiency of 6% and 7%, respectively. Moreover, GcFADS2 also exhibits a low substrate specificity for both substrates (supplemental Table S1 ).
Although various research groups have previously cloned and sequenced the FADS2 genes of many organisms (10) (11) (12) (13) (14) (15) (16) (17) (18) , and our own group previously analyzed the molecular mechanism underlying FADS2 substrate specificity (9) , it is still not clear which key domain and/or amino acid mediates FADS2 catalytic activity. This is largely a reflection of the fact that, to date, no information is available regarding the FADS2 crystal structure; however, Wang et al. (19) and Bai et al. (20) recently analyzed the crystal structure of human and mammalian FADS9 (delta 9 desaturase), respectively. The results of their analyses showed the three-dimensional FADS9 structure to be mushroom-shaped, and revealed key FADS9-binding and catalytic sites for the first time.
In the present study, TpFADS2 and GcFADS2 genes were synthesized and their catalytic activity for LA and ALA then characterized in Saccharomyces cerevisiae. Furthermore, the TpFADS2 and GcFADS2 domains were recombined to produce various chimeras that were subsequently expressed in S. cerevisiae, to enable identification of the location of key sequence regions essential for substrate catalysis. Finally, site-directed mutagenesis was targeted to these key regions to confirm sites essential for FADS2 catalytic activity.
MATERIALS AND METHoDS

Strains and plasmids
TpFADS2 (GenBank accession AY817155) and GcFADS2 (GenBank accession AAU11445) genes were synthesized by Shanghai Sunny Biotechnology Co. Ltd;INVSc1 yeast strain (Invitrogen) was used for heterogeneous expression and catalytic activity determination for TpFADS2, GcFADS2, and each chimera. Plasmid pYES2/NT C (Invitrogen) was used for each chimera expression.
Media and gene synthesis
LB agar plates and SC-Uracil synthetic minimal medium was used as described previously (9) . Codon optimized TpFADS2 and GcFADS2 genes were synthesized and subcloned into the vector pUC57 and transformed into Escherichia coli Top 10.
Primer design, PCR amplification and sequence analysis for GcFADS2 and TpFADS2
For TpFADS2 and GcFADS2 gene amplification, primers were synthesized based on TpFADS2 and GcFADS2 gene sequences. The forward primers were FTp and FGc and the reverse primers were RTp and RGc (all primers are listed in supplemental Table S1 ). After initial denaturation at 95°C for 5 min, PCR amplification was performed in 30 cycles of 50 s at 95°C, 50 s at 58°C, and 2 min at 68°C, followed by a final extension at 68°C for another 10 min. The recombinant plasmids designated pYES2-GcFADS2 and pYES2-TpFADS2 were constructed as described previously (9) .
Construction of each chimeric gene by reciprocal section swapping
According to the transmembrane topology of FADS2 (hydrophilic regions and hydrophobic regions), GcFADS2 and TpFADS2 genes were divided into nine regions (Fig. 1) . To determinate catalytic activity of each regions, the corresponding regions of both FADS2 enzymes were systematically exchanged to construct recombinant swap genes, which were generated by overlap extension PCR with the primers listed in supplemental Table S1 . The protocol of PCR used was the same as described previously (9) . The hybrid genes were ligated into the pYES2 plasmid and transformed into competent Top10 cells.
Site-directed mutagenesis of GcFADS2
For site-directed mutagenesis, oligonucleotide primers were used to introduce nucleotide substitutions into TpFADS2 using the Fast Site-Directed Mutagenesis Kit. Ten mutants derived from the GcFADS2 gene were constructed, where amino acids were substituted with the corresponding residues in the TpFADS2 gene (V295T, T299S, L303F, I306L, A315S, H360D, F368Y, S377M/ L378M, H381N, and L383I). Mutation primers are listed in supplemental Table S1 .
Yeast transformation, heterologous expression in S. cerevisiae, and measurement of chimeric desaturase activity for LA and ALA Constructs pYES2-Chimera 118, pYES2-TpFADS2 and pYES2-GcFADS2 were transformed into S. cerevisiae. GcFADS2 and TpFADS2 genes were induced under the conditions described previously (9) . Then the expression level of each chimeric desaturase in S. cerevisiae was determined by Western blotting analysis as described previously (9) .
Lipid extraction and fatty acid analysis
Lipids from an equivalent weight of cells were extracted and methyl-esterified, and fatty acid content was analyzed by GC as described previously (21) .
Kinetic analysis
Kinetic studies were carried out using 0.25 or 0.5 mM cis-LA/ ALA substrate. The substrate was added to the induced medium for 12 h (720 min). V max and K m values of each recombinant TpFADS2 and GcFADS2 by mutating amino acids were calculated by the Michaelis-Menten equation.
Topology prediction
The predicted topology model for GcFADS2 and TpFADS2 was performed with prediction of transmembrane helices in proteins (Fig. 2) . The domain responsible for substrate specificity of FADS2s analyzed previously was described together with the region responsible for their catalytic activity in one predicted topology model.
RESULTS
Cloning and characterization of TpFADS2 and GcFADS2
To characterize the catalytic activities of TpFADS2 and GcFADS2, 1452-and 1395-bp DNA fragments were amplified using FTp/RTp and FGc/RGc primers, respectively (supplemental Table S1 ). After their (pYES2-TpFADS2 and pYES2-GcFADS2) successful expression was confirmed via Western blot analysis, the generated constructs were incubated with fatty acid substrates. As a result, TpFADS2 was shown to convert LA and ALA at a rate of 65.6 ± 1.8% and 77.6 ± 1.9%, respectively, while conversely, GcFADS2 only catalyzed the conversion of LA and ALA at a rate of 5.6 ± 0.8% and 7.6 ± 0.6%, respectively ( Table 1) . These results are consistent with those previously reported by Hsiao et al. (10) and Tonon et al. (22) . 
Multiple sequence alignment of the FADS2s
The cloned GcFADS2 amino acid sequence was shown to share 51.87% identity with that of TpFADS2. To determine the structural basis for FADS2 catalytic activity, a multiple sequence alignment was performed to compare several FADS2s, which were arranged according to their capacity for ALA catalytic activity (i.e., such that those with a stronger catalytic activity for ALA were placed above those with a weaker ALA catalytic activity). The FADS2s with high catalytic activity were expected to share a homologous fragment/site that was absent from the sequences of those with low catalytic activity; however, the results of the conducted alignment result failed to identify such a fragment or site (supplemental Fig. S1 ).
Construction and expression of fusion genes in yeast
To identify which structural elements are functionally involved in TpFADS2 and GcFADS2 catalytic activity, each enzyme was divided into nine sections as follows: Section 1, the N-terminal end region before the first cytoplasmic transmembrane domain; Section 2, the first and second transmembrane domains; Section 3, the region extending from the end of the second transmembrane domain to the beginning of the third cytoplasmic transmembrane domain; Section 4, the third transmembrane domain; Section 5, the region extending from the end of the third transmembrane domain to the beginning of the fourth cytoplasmic transmembrane domain; Section 6, the fourth transmembrane domain; Section 7, the region extending from the end of the fourth transmembrane domain to the beginning of the fifth cytoplasmic transmembrane domain; Section 8, the fifth and sixth transmembrane domains; Section 9, the C-terminal region following the sixth cytoplasmic transmembrane domain (Fig. 2) . The expression levels of the 18 generated chimeras in S. cerevisiae were then quantified via Western blot analysis, and the molecular weight of each was confirmed to be consistent with that predicted (Fig. 3) .
Locating key FADS2 catalytic activity domains
The catalytic activity of each construct was next determined by measuring the levels of the remaining substrate and conversion products present in lipids extracted from the transfected S. cerevisiae cells. The results of this analysis showed that while the catalytic efficiency of GcFADS2 was 5.6 ± 0.8% and 7.6 ± 0.6% for LA and ALA respectively, that of chimera 7 (GcFADS2 aa285-315 replaced by TpFADS2 aa291-324) was increased to 25.0 ± 1.3% and 35.3 ± 3.5%, respectively. Conversely, where TpFADS2 exhibited a catalytic efficiency of 22.6 ± 2.6% and 15.3 ± 0.9%, for LA and ALA, respectively, that of chimera 16 (TpFADS2 aa291-324 replaced by GcFADS2 aa285-315) was decreased to 65.6 ± 1.8% and 77.6 ± 1.9%, respectively. The catalytic efficiency of chimera 9 (GcFADS2 aa359-458 replaced by TpFADS2 Fig. 2 . The predicted topology model of FADS2. Four transmembrane -helices span the ER lumen and the other polypeptides extend into the cytoplasm. Black solid rectangles indicate each domain boundary. Blue lines and blue dots indicated the areas and sites influencing substrate specificity from our previous work, whereas red lines and red dots indicated the key areas and sites influencing catalytic activity, respectively. ER lumen: endoplasmic reticulum lumen. aa370-484) for LA and ALA increased to 31.3 ± 1.5% and 26.5 ± 4.0%, respectively. Finally, the replacement of the aa359-458 region of GcFADS2 resulted in a significant reduction in catalytic activity against both substrates, such that chimera 18 exhibited a catalytic efficiency of 19.6 ± 0.2% and 10.3 ± 2.9% for LA and ALA, respectively, which represented the lowest rate observed among the TpFADS2 chimeras (chimeras 10-18) (Fig. 3) . No other chimeras exhibited a significantly different catalytic efficiency for LA and/or ALA compared with that exhibited by GcFADS2/TpFADS2. These results suggest that the amino acids in sections 7 and 9 of FADS2 likely critically mediate its catalytic activity.
Localizing second-level areas within the key FADS2 catalytic activity domains
To further identify key functional areas within sections 7 and 9, section 9 was equally divided into three 'secondlevel' sections, which were systematically exchanged with a second-level section 7 region between GcFADS2 and TpFADS2, to produce additional recombinant gene sequences (Fig. 4) . The results of an analysis of the generated second-level chimeras showed that the catalytic efficiency of chimera 7-1 ("VRALAF" in GcFADS2 replaced by "PYSIMY" in TpFADS2) for both LA and ALA was increased to 16.6 ± 0.6% and 15.2 ± 0.3%, respectively, compared with that exhibited by GcFADS2 (Fig. 5A) . Likewise, replacement of aa359-383 (section 9-1) of GcFADS2 with aa370-394 of TpFADS2 resulted in a significantly increased (25.6 ± 1.9% and 24.6 ± 1% for LA and ALA, respectively) catalytic efficiency for both substrates (Fig. 5B) . Replacement of the other two secondlevel sections (sections 9-2 and 9-3) of GcFADS2 had no significant impact on its catalytic efficiency for either substrate (Fig. 5B) . 
Identifying amino acids that critically mediate FADS2 catalytic activity
To further understand the molecular mechanism underlying FADS2 catalytic activity, a series of constructs with mutations within sections 7 and 9-1 was next generated (Fig. 4) . The LA and ALA conversion efficiencies were subsequently shown to be greatly reduced in the single mutants V295T, A315S, and F368Y, as well as the double mutant S377M/ L378M, to a rate of 15.9 ± 0.5%, 15.6 ± 0.7%, 22.6 ± 0.1%, and 13.6 ± 0.6%, respectively, for LA, and 11.2 ± 0.1%, 5.3 ± 1.3%, 26.3 ± 0.7%, and 15.2 ± 0.3%, respectively, for ALA (Fig. 6A) . Targeted mutagenesis of T299S, L303F, I306L, H360D, H381N, and L383I did not induce any major changes to FADS2 catalytic activity for either substrate (Fig. 6A) . Conversely, the catalytic efficiency for both substrates was significantly enhanced in the single mutants T302V, S322A, and Y375F, as well as the double mutant M384S/M385L (Fig. 6B) . These results suggest that the T302, S322, Y375, and M384/ M385 substitutions in TpFADS2 (corresponding to the V295, A315, F368, and S377/L378 substitutions in GcFADS2) likely alter FADS2 activity because these regions play an important role in FADS2 catalytic activity. Furthermore, by analyzing the effect of substrate concentration on catalytic activity, the catalytic efficiency of all wild-type and mutant FADS2s was shown to be slightly reduced upon exposure to 0.25 mM compared with 0.5 mM cis-LA/ALA. In contrast, the sites identified to critically influence FADS2 catalytic activity remained consistent at all analyzed fatty acid concentrations (Tables 2, 3 ).
Kinetics of each mutant desaturase
The affinity of each recombinant TpFADS2/GcFADS2 was next assessed by evaluating their reaction rates in the presence of varying fatty acid concentrations, (where V max and K m were calculated using the Michaelis-Menten equation) ( Tables 2, 3 ). The results of this analysis showed that the K m values for both substrates that were exhibited by the single Fig. 4 . A partial comparison of sections 7 and 9 between GcFADS2-and TpFADS2-deduced amino acids. Section 7-1 indicates the different area between Gc-FADS2-and TpFADS2-deduced amino acids. Section 9 was equally divided into 3 second-level sections, denoted section 9-1, section 9-2, and section 9-3. Arrows below the alignment indicate the amino acid positions that were selected for site-directed mutagenesis. mutants, V295T, A315S, and F368Y, as well as the double mutant, S377M/L378M, were much higher than those exhibited by the other TpFADS2 mutants. Conversely, the K m values were markedly decreased in the single GcFADS2 mutants T302V, S322A, and Y375F, and the GcFADS2 double mutant M384S/M385L, compared with those exhibited by the corresponding TpFADS2 (by a factor of ten) and GcFADS2 mutants (Table 4) . Together, these results suggest that of all the mutant constructs, the four mutant GcFADS2 desaturases, T302V, S322A, Y375F, and M384S/M385L, had the strongest affinity for both substrates.
DISCUSSIoN
The results of the present study indicate that the FADS2 cytoplasmic region extending from the end of the fourth transmembrane domain to the beginning of the fifth transmembrane domain (section 7) critically mediates FADS2 catalytic activity (Figs. 4A, 5A ). Comparing the GcFADS2 and TpFADS2 sequences within this segment revealed one variant area ("VRALAF" in GcFADS2 and "PYSIMY" in TpFADS2) that includes five different sites. These are 295V, 299T, 303L, 306I, and 315A in GcFADS2, and 302T, 306S, 310F, 313L, and 322S in TpFADS2 (Fig. 4) . of the mutants that included this area and these sites, chimera 7-1, which harbored both V295T and A315S, displayed a large decrease in its conversion rate for both substrates (Fig. 5) . The topological model of FADS2 suggests that both 295V and 315A are located in the cytoplasm (Fig. 2) , and are likely closely associated with FADS2 catalytic activity. It may be that sites 302T and 322S in TpFADS2 (which correspond to 295V and 315A in GcFADS2) strongly influence FADS2 catalytic activity via induced alterations to their polarity (incurred by the presence of the different amino acids), which may in turn cause changes to the shape of the FADS2-binding pocket that inhibit substrate binding.
The results of the present study also indicate that the C-terminal region located adjacent to the sixth cytoplasmic transmembrane domain (section 9) may significantly influence FADS2 catalytic activity (Figs. 4B, 5B) . Furthermore, the result of the second-level assessment of this area revealed that section 9-1 most significantly impacted FADS2 catalytic activity, and only six amino acid sites differ between the GcFADS2 and TpFADS2 9-1 sections. As shown by the results of the analysis of FADS2 catalytic activity in S. cerevisiae, the single mutant F368Y and the double mutant S377M/L378M both mediate FADS2 substrate catalysis, likely because the F368 and S377M/L378M residues are located just upstream and downstream of the third conserved FADS2 histidine box, respectively, which is thought to be associated with FADS2 enzymatic and/or substrate binding activity (9) . All other mutants did not induce any significant change to the rate of LA and/or ALA conversion, suggesting that their mutated residues are likely located at a distance to the delta 6 C-C substrate bond.
Based on the conducted kinetic analysis, the T302, S322, Y375, and M384/M385 substitutions in TpFADS2 (corresponding to the V295, A315, F368, and S377/L378 substitutions in GcFADS2) significantly impacted FADS2 catalytic efficiency, resulting in the exhibition of low K m values by the mutant FADS2s. Thus, these residues likely have strong affinity for LA and ALA under normal conditions. The present study divided the GcFADS2 and TpFADS2 genes according to their respective transmembrane topologies. The fact that none of the generated chimera sequences exhibited abolished catalytic activity for both substrates suggests that their three-dimensional structures were not disrupted by this division. Although the results of the present study identified several key sites that critically mediate FADS2 catalytic activity, mutation of the majority of these did not affect FADS2 substrate specificity. Mutation of only a few sites, including the TpFADS2 sites I306L and H360D, and the GcFADS2 site I390L, appeared to induce a propensity for FADS2 to favor the binding of a particular fatty acid, suggesting that these may be associated with substrate specificity (Tables 2, 3) . Notably, the mutation of these sites did not significantly impact FADS2 catalytic activity for either substrate, suggesting that they are likely not closely relevant to substrate catalysis. Together, these results suggest that the motifs/residues that mediate FADS2 catalytic activity and substrate specificity are not located in the same region of the FADS2 sequence.
CoNCLUSIoNS
Although some organisms have FADS2s capable of high substrate specificity and others have those capable of high catalytic activity, no FADS2 has yet been identified to have both high substrate specificity and high catalytic activity. The present study cloned and characterized the catalytic activity of GcFADS2 and TpFADS2 for both LA and ALA. Reciprocal domain swapping was performed to identify critical regions and, eventually, precise fragments of GcFADS2 and TpFADS2 that mediate FADS2 catalytic activity. Thus, the results of the present study provide valuable insights into the relationship between the primary structure and catalytic activity of delta 6 desaturases. Continued research is required to confirm the FADS2 regions that mediate both its substrate specificity and catalytic activity and to elucidate the molecular mechanisms underlying these processes, enabling, in turn, a better understanding of PUFA metabolism and 3-PUFA (e.g., EPA and DHA) production. 
